Abstract. Ultraprecision optical components require ultra-fine smooth surface quality of sub-nanometer or sub-angstrom in R a . To satisfy these requirements, ultraprecision on-machine measurement system is very important, by which the profile measurement and evaluation is conducted on the machine. The form accuracy is improved by compensating machining when the form accuracy is not enough. Ultraprecision on-machine measurement systems were developed for measurement with high-accuracy and high-efficiency. It was confirmed that the on-machine measurement with AFM was possible for surface roughness or complex form for local areas. In addition, a laser probe unit with a maximum resolution of 1nm, a measuring range of 10mm, a repeatability of 5.6nm and a maximum measurable angle of 60 degrees was developed. The possibility of the non-contact on-machine form measurement was confirmed for global form accuracy control.
Introduction
Several types of optical components such as aspherical optics and X-ray mirror, which give some functions to light or laser, are used in an optical system. The optics require higher form accuracy than the wave length of used light. To achieve these requirements, ultraprecision on-machine measurement systems is very important [1] [2] [3] [4] [5] . For example, it is possible to measure the form accuracy and surface roughness in the any size of the measured object accurately without removing it from the machine. The form accuracy and surface roughness is improved by the compensating machining when the form accuracy and surface roughness is not enough. Since the real-time measurement without stopping in each point was achieved, the measurement with high-accuracy and high-efficiency can be achieved.
We have developed an ultraprecision profile measurement probe for on-machine measurement, which has three key technologies: laser interferometric displacement sensor and ultra-low pressure air-slide are inside and real-time measurement is possible by transmitting the current position data directly form the machine scales to the PC simultaneously together with the displacement data form the probe.
In this paper, additionally to take the adaptability to the measured form into account, the ultraprecision on-machine measurement systems with AFM (Atomic Force Microscope) [2, 3, 5] or laser probe [5] were developed. The merits of ultraprecision on-machine measurement systems are measuring method with high-accuracy, non-contact measurement, measurement of work with complicated form (AFM), measurement of work with large angle (laser probe).
Developed On-Machine Measurement System. Figure 1 shows the ultraprecision on-machine measuring system with AFM. Since the stages of the ultraprecision machine are positioned in about 10 nm with the full closed loop control, the vibration in about 20-50 nm caused by the servo control is happened continuously. The measuring resolution of AFM is so fine that this vibration might become the cause of errors. Then the AFM measuring head is mounted directly on the machine stage, and it can move together with the stage and the measured object. Thus the effect of vibration to measurement was removed. By mounting the AFM head on the machine, it is possible to measure the surface roughness in the any size of the measured object accurately without removing it from the machine. Since it is possible to confirm if the surface roughness has been satisfied with the requirement during the polishing procedures, and it is possible to keep polishing when the surface roughness has not been enough yet, there are merits in both precision and efficiency. For the experiments, Nanopics 1000 (SII) was used as the AFM head on the machine. At first, in order to decide threshold value for low-pass filtering, on-machine measurement with and without anti-vibration system was measured using surface roughness standard for calibration. Then, a measured object was Ti sample. Fig. 2 shows the profile map measured by AFM, surface roughness and the frequency map calculated by FFT. First, the AFM head with the anti-vibration mechanism was mounted on the machine, and the sample was measured on the anti-vibration system. In this case, the surface roughness measurement could be done successfully without almost any influence on the vibration from the machine and surrounding environment. Then, the anti-vibration system was removed, and the AFM head was mounted directly on the stage of the machine. The measured data included the influence of vibration. By processing the measured data to remove high frequency components (low-pass filtering), the surface roughness with almost the same value as that under the experiment with the anti-vibration system could be achieved. The Cu sample with V grooving was measured similarly. The size of V-shaped grooves of 30 µ m in pitch and 140 degrees at groove angle. Fig. 3 shows the cross sectional profiles measured by AFM. In case of measurement on the anti-vibration system, the shape measurement of V grooving could be done successfully as well as measurement of Ti sample. In case the anti-vibration system was removed, the shape measurement of V grooving with almost the same value as that under the experiment with the anti-vibration system could be achieved as shown in Fig. 3 .
Thus, it can be confirmed that it is possible to measure the surface roughness and form, such as surface fine structures and V grooving, precisely on the machine with AFM by mounting the AFM head directly on the machine to remove the influence of the vibration. Furthermore, in the same way, a sample with more accurate surface was measured. The sample was an X-ray plane mirror substrate with the length of 1 m made of Zerodur. To adjust the height between the AFM cantilever and the measured object, the special jig was made for the adjustment. Fig. 4 shows the profile map, surface roughness and frequency map before and after the data processing. The influence of the vibration could relatively be removed by the data processing, but it was difficult to divide the surface roughness and vibration completely because the measured surface roughness of sub-nanometer level in Ra was as accurate as the measuring resolution of AFM (0.5nm). controller and linear scale. The microscope unit has Object lens, Coaxial lighting and CCD camera. Figure 6 shows the principle of the laser-probe unit. This Laser-probe unit enables positioning of height of object lens by using the auto-focus driving system if more than 1% of return light can be observed. Table 1 shows the major specifications of the laser-probe unit. The resolution of the auto focus unit is 1 nm, the measuring range is 10 mm, the repeatability is 5.6 nm and the maximum measurable angle is about 60 degrees. It can be placed vertically on the ultraprecision machine or horizontally. 
Auto focus unit

Measurement Technology and Intelligent Instruments VI
On-Machine Measurement System. Figure 7 shows the schematic illustration of the on-machine measuring system with laser-probe. Fig. 8 shows the external view of the on-machine measuring system. The laser-probe unit was mounted on an ultraprecision 4-axes grinding machine. Real-time measurement is possible by transmitting the current position data (X and Y axis) directly from the machine scales to the PC simultaneously together with the position data of height from AF controller. The major specifications of this machine are shown in Table 2 . Three linear axes (X, Y and Z axis) of the machine can be controlled at feeding resolution of 1 nm. The machine employs ultraprecision guideways using needle rollers for 3-axes linear feeding. Ultraprecision on-machine measurement is possible by installing the laser-probe unit on the ultraprecision machine with a maximum resolution of 1 nm shown in Fig. 7 and Fig. 8. Fig. 9 shows the on-machine measuring result of cemented carbide alloy without low-pass filtering. The measured data on the machine included the influence of vibration (about 30 nm). So, it is necessary for on-machine measurement to remove high frequency components (low-pass filtering) based on on-machine measuring results using surface roughness standard for calibration. 
Summary
Additionally to take the adaptability to the measured surface roughness or form into account, the ultraprecision on-machine measurement system with AFM or laser-probe was developed and confirmed experimentally. It was confirmed that the on-machine measurement with AFM was possible for surface roughness or complicated form of sub-nanometer level at the local. On the other hand, a laser-probe unit with a maximum resolution of 1 nm, a measuring range of 10 mm, a repeatability of 5.6 nm and a maximum measurable angle of 60 degrees was developed, and the possibility of the non-contact on-machine form measurement was confirmed for form accuracy at global area.
